Otic neuronal precursors are the first cells to be specified and do so in the anterior domain of the otic placode, the proneural domain. In the present study, we have explored the early events of otic proneural regionalization in relation to the activity of the Notch signaling pathway. The proneural domain was characterized by the expression of Sox3, Fgf10 and members of the Notch pathway such as Delta1, Hes5 and Lunatic Fringe. The complementary non-neural domain expressed two patterning genes, Lmx1b and Iroquois1, and the members of the Notch pathway, Serrate1 and Hairy1. Fate map studies and double injections with DiI/DiO showed that labeled cells remained confined to anterior or posterior territories with limited cell intermingling. To explore whether Notch signaling pathway plays a role in the initial regionalization of the otic placode, Notch activity was blocked by a c-secretase inhibitor (DAPT). Notch blockade induced the expansion of non-neural genes, Lmx1 and Iroquois1, into the proneural domain. Combined gene expression and DiI experiments showed that these effects were not due to migration of non-neural cells into the proneural domain, suggesting that Notch activity regulates the expression of non-neural genes. This was further confirmed by the electroporation of a dominant-negative form of the Mastermind-like1 gene that caused the up-regulation of Lmx1 within the proneural domain. In addition, Notch pathway was involved in neuronal precursor selection, probably by a classical mechanism of lateral inhibition. We propose that the regionalization of the otic domain into a proneural and a non-neural territory is a very early event in otic development, and that Notch signaling activity is required to exclude the expression of non-neural genes from the proneural territory.
Introduction
The neurogenic placodes are specialized ectodermal regions found in the embryonic vertebrate head, which contribute extensively to the cranial sense organs (Begbie and Graham, 2001) . Some placodes such as the epibranchial and trigeminal give rise only to sensory neurons, while others like the otic and olfactory produce other cell types in addition to sensory neurons (D'Amico-Martel, 1982; Baker and Bronner-Fraser, 2001; Begbie and Graham, 2001; Schlosser, 2005) . The inner ear originates from the otic placode, an oval thickening of the ectoderm adjacent to the hindbrain. The original flat otic epithelium progressively invaginates to then pinch off and form the otic vesicle (Bancroft and Bellairs, 1977; Alvarez and Navascues, 1990; Torres and Giraldez, 1998) . Among the different cell types of the inner ear, sensory neurons are the first cells to be specified (Adam et al., 1998) . Studies of early otic neurogenesis have shown that neuroblasts originate from the anterior and medial domain of the otic placode/cup (the proneural domain), while the posterior and lateral region is not neurogenic (Adam et al., 1998; Alsina et al., 2003 Alsina et al., , 2004 .
Several genes have been reported to be expressed asymmetrically during otic cup and otic vesicle stages, their mutation or deletion causing major developmental defects (reviewed in Torres and Giraldez, 1998; Cantos et al., 2000; Baker and Bronner-Fraser, 2001; Fekete and Wu, 2002; Riley and Phillips, 2003) . Most studies on otic patterning have focused on otocyst stages with less attention to the earliest events of otic regionalization and the establishment of the proneural territory. Although several otic genes can modulate neurogenesis, only the mouse Tbx1 gene has been reported to directly regulate the extension of the proneural domain of the otic vesicle (Raft et al., 2004) . Segregation of the original otic vesicle territory into distinct gene expression regions or compartments has been hypothesized to be instrumental in specifying the location and identity of different parts of the inner ear (Brigande et al., 2000b) . Fate map studies of the otic rim in chick identified two boundaries of lineage restriction near the dorsal pole (Brigande et al., 2000a (Brigande et al., , 2000b Fekete and Wu, 2002) . Furthermore, viral infections of chick otic cups showed that the majority of clones were restricted to a single anatomical sensory subdivision, indicating limited clonal dispersion in the ear (Satoh and Fekete, 2005) . Prior to the formation of the otic placode, cell migration is not restricted and extensive cell movements throughout the otic field have been reported in chick (Streit, 2002) . In other species, for example in Xenopus, extensive cell migration throughout the developing ear was shown (Kil and Collazo, 2001 ) and in mouse, recent data also points towards cell migration from dorsal to ventral structures (Riccomagno et al., 2005) . The question of how the dynamics of cell movements and cell mixing relate to patterning of the otic placode is far from being understood.
Notch signaling pathway is involved in many developmental processes, such as cell fate specification, cell proliferation, patterning and boundary formation (reviewed in Louvi and Artavanis-Tsakonas, 2006; Bray, 2006) . The transmembrane Notch receptor is activated upon binding to membrane-bound Delta or Serrate ligands present in adjacent cells. The function of the Notch signaling pathway can be viewed as a switch, regulating an on/off state of cell choices. In lateral inhibition, Notch activity individualizes a cell from the adjacent cells. In other cases, by lateral induction or more complex interactions, a whole territory becomes different from the adjacent region and Notch, instead, promotes a territory with a new developmental fate (Lewis, 1998; Artavanis-Tsakonas et al., 1999) .
In the inner ear, defective Notch signaling in zebrafish or mammals results in overproduction of sensory neurons and hair-cells, indicating that Notch signaling mediates crucial events in otic cell fate specification by a mechanism of lateral inhibition (Lanford et al., 1999; Zine et al., 2000; Kiernan et al., 2001 ). This role of Notch signaling is mediated by the Notch ligand Delta1 and Jagged2 that are expressed in a salt and pepper pattern (Adam et al., 1998 ). In contrast, Jagged1 (Serrate1 in chick) is broadly expressed in the entire prosensory patch and thus, it has been proposed to be involved in the specification of sensory versus nonsensory epithelium within the ear, limiting the territories (Adam et al., 1998) . In support of this idea, complete inhibition of Notch signaling in the zebrafish otocyst results in an increase in the size of the initial sensory patch (Haddon et al., 1998) . In chick, Notch1 activation, but not its inactivation, increases prosensory patch formation (Daudet and Lewis, 2005) . Finally, Jagged1 has been shown to be required for the specification of the prosensory patch and maintenance of a sensory progenitor state (Kiernan et al., 2001 (Kiernan et al., , 2006 Brooker et al., 2006) . Whilst, all this work supports the involvement of the Notch pathway in sensory specification, little is known on the possible role of Notch in early otic proneural patterning.
In the present study, we explored the first steps in the establishment of the proneural domain of the otic placode. With this in mind, we studied the spatial and temporal expression profiles of several potential patterning genes, including those coding for elements of the Notch pathway. The results show that the anterior proneural region is characterized by the expression of Sox3, Fgf10 and LFng, whereas Iroquois1 (Irx1) and Lmx1b are restricted to the complementary posterior domain. Expansion of DiIlabeled cells was confined to the proneural or non-neural territories. Posterior injections expanded dorsally and laterally, while anterior injections remained ventral and labeled new delaminating neuroblasts. DiI/DiO injections revealed that proneural and non-neural territories exhibited limited cell intermingling. Different components of the Notch pathway showed complementary expression patterns between proneural and non-neural domains, suggesting a possible role of Notch in early otic regionalization. The inhibition of the Notch signaling pathway revealed that Notch is required for restricting the expression of Lmx1b and Irx1 to the non-neural domain, and for neuroblast selection in the proneural domain. We suggest that the regionalization of the otic placode into proneural and non-neural territories may be the first event in otic patterning, and that it requires the functional integrity of the Notch pathway for its stabilization.
Results

The otic cup is regionalized into a proneural and a nonneural domain
Otic neurogenesis in the chick starts at the otic placode/ cup transition (HH11, 13ss) as revealed by the expression of Neurogenin1 and Delta1 (Henrique et al., 1995; Adam et al., 1998; Alsina et al., 2004) . Expression of these genes is detected only in a subdomain of the otic cup, suggesting that specification of the proneural region has already taken place by otic cup stage. Previous work showed that Fgf10 and Lunatic fringe (LFng) are confined to the proneural domain, and Lmx1b and the HNK1 epitope to the non-neural (Giraldez, 1998; Cole et al., 2000; Alsina et al., 2004) . The experiments that follow analyzed the expression of other genes with a similar regional expression pattern.
The Sox3 gene (Sry like HMG-box) belongs to a large family of transcription factors, expressed at early stages of neural plate induction and placode development (Rex et al., 1997) . Sox3 expression precedes the expression of neurogenic genes and is downregulated by neuronal differentiation genes (Abu-Elmagd et al., 2001; Bylund et al., 2003) . In the otic cup of HH13 stage embryos, Sox3 was predominantly expressed in the anterior proneural domain, in a similar manner to Fgf10 and LFng (Fig. 1A, B and C) .
Two other genes involved in neural patterning in Drosophila and vertebrates were studied during otic proneural regionalization. The Iroquois (IRO in Drosophila and Irx in vertebrates) genes are a family of homeodomain proteins within the TALE class (Burglin, 1997) that are involved in neural prepatterning (Gomez-Skarmeta and Modolell, 2002; Gomez-Skarmeta et al., 2003) . In the otic cup, expression of Irx1 was restricted to the posterior domain, in a complementary manner to Sox3 and the proneural region (compare Fig. 1D with A-C). A second gene analyzed was Lmx1b (hereafter Lmx1), which is a transcription factor of the LIM family, homologous to the Drosophila apterous gene. Apterous/Lmx1 are involved in the specification of the dorsal limb character in Drosophila and vertebrates (Blair et al., 1994; Riddle et al., 1995; Blair, 1995; Vogel et al., 1995b) , and in roof plate and isthmus development in mouse (Adams et al., 2000; Chizhikov and Millen, 2004) . In the otic cup, Lmx1 was detected in the posterior domain and in the otic ridge all around the border between otic and non-otic ectoderm (Fig. 1E) , except at the anterior-lateral position (red arrowhead in Fig. 1E ). Several genes of the Notch pathway were expressed in the non-neural territory, complementary to the expression of the Notch modulator, LFng (see Fig. 4 ). As an example, Hairy1 (Hes1 in mammals), a member of the Hairy and Enhancer of Split family of genes, was expressed in the posterior domain of the otic cup (Fig. 1F) . Para-sagittal sections in Fig. 1A '-F' show complementary expression patterns and illustrate that all genes were confined to the otic epithelium and not expressed in the surrounding mesenchyma.
The proneural/non-neural boundary viewed dorsally at otic cup stage is 45 degrees tilted with respect to the anterior-posterior (AP) embryonic axis (Fig. 1A-F) . The proneural domain is, strictly speaking, the anterior-medial aspect of the otic placode, and the non-neural domain is posterior-lateral. However, for convenience they will be referred to as anterior (proneural) and posterior (non-neural) domains. As shown in Fig. 1G (modified from Alsina et al., 2004) , the proneural domain (blue), is initially a flat triangle. As the otic placode invaginates and the lateral wall grows, the proneural domain ends up in the anteroventral aspect of the otic vesicle. Lmx1 expression is excluded from the proneural domain and, in the medial wall, is always dorsal to the proneural region.
The complementary gene expression patterns are better illustrated by the double fluorescent in situ hybridization for LFng and Lmx1 from otic cup (Fig. 1H ) to otic vesicle (Fig. 1I) . LFng probe was detected with a tyramide-Cy3 fluorochrome (red) and Lmx1 with a tyramide-Cy5 fluorochrome (blue). Taken together, the results show that at early otic cup stage, patterning genes and members of the Notch signaling pathway are differentially expressed between the neural and non-neural regions. 
Fate mapping of proneural and non-neural domains
In order to study the dynamics of early otic domains and otic growth we performed a fate map study of anterior and posterior regions by single injections of the red fluorescent lipophylic cell membrane tracer DiI (see Section 4). Injections are represented by dividing the otic cup into a clock wheel where anterior was 3 o'clock, lateral 6 o'clock, and posterior at 9 o'clock ( Fig. 2A) . We followed a similar procedure used by Fekete and colleagues (Brigande et al., 2000a) , but performing the injections at earlier stages (HH12) and not limiting to the otic rim. By stage HH12, the otic primordium was still flat and thus, in a dorsal view, injections at 12, 3, 6 and 9 positions were medial, anterior, lateral and posterior, respectively ( Fig. 2A ; n = 58). 65% of the injections performed between positions 1 and 4 resulted in DiI-labeled progeny cells in the anteroventral epithelium and CVG (light red, Fig. 2A and B), while in 100% of the injections at positions 6-11 (excluded from the ridge), the resulting labeled cells occupied the posterior domain without labeling delaminating neuroblasts ( Fig. 2A and B, blue). On the other hand, in 70% of the injections at positions 4-6, the labeled cells extended dorso-ventrally along the interface between anterior and posterior domains and also resulted in labeled ganglionar neuroblasts, suggesting that at these positions injections were at the limit between both regions ( Fig. 2A and B, green) . When labeling was performed in the posterior ridge of the otic placode, at positions 7-10, most of the cells (70%) developed into posterior-dorsal positions ( Fig. 2A and B, black) .
Table (Fig. 2C ) displays a detailed analysis of the shape and distribution of labeled progeny cells. Rows indicate the position of initial injections. Numbers in columns indicate the occurrence of events with similar shape and position to the schematic drawings shown in the upper row. Although the growth pattern of the otic cup is not extensively described here, our data indicated that the lateral wall predominantly developed from posterior epithelium, while the antero-ventral epithelium was derived from the most anterior placodal tissue. The dorsal otic pore was mainly generated by the posterior tissue, although labeling of the anterior medial rim at position 12-1 resulted in dorsal anterior progeny labeled cells (2/2). Several examples of the DiIlabeled group of cells observed after 20 h of incubation are shown in Fig. 2D . Anterior labeled cells in the otic epithelium seemed to expand less than posterior cells. This probably is due in part to gross delamination of DiI-labeled anterior cells into the CVG. It is also worth noting that labeled cells tended to remain contiguous and with little dispersion or splitting of the original group of labeled cells. 
Proneural and non-neural cells undergo limited cell mixing
In order to study the degree of cellular exchange between the proneural and the posterior domains of the otic cup, we labeled otic cups of stage HH12 with two fluorescent dyes and followed their development until otic vesicle stage. The anterior and posterior regions were injected respectively with DiI (red vital dye) and with DiO (green vital dye). Labeled cells and their progeny were examined after 24 h of incubation, when embryos reached stage HH16-17. At the stage of injection, gene expression patterns are clearly restricted (see Fig. 1 ). Only non-overlapping initial injections that grew until touching each other were used for this analysis. Frequently, injections showed a sharp antero-posterior DiI/DiO interface at the lateral aspect of the otic vesicle (OV), running dorso-ventrally from the otic pore to the ventral aspect of the vesicle (n = 10/13). Analysis by confocal microscopy revealed DiI and DiO-labeled cells touching each other without mixing (n = 10/15, Fig. 3A -A'). In a coronal view, a certain superposition of both dyes (yellow color) was observed in a 2-3 cells width, suggesting that at the lateral border cells labeled with the different dyes could intercalate ( Fig. 3B -B', see inset in Fig. 4M ). DiI-labeled cells migrating away from the otic vesicle correspond to delaminating neuroblasts (arrowhead in Fig. 3A' and B'). When initial injections were performed only in the rim, we found that both labels mapped to the dorsal otic pore, as previously described by Brigande et al. (2000a) and shown above in the fate map analysis (Fig. 3C-C' ). In those cases in which DiI and DiO showed gross overlap, the initial injections, although separated, partially shared the anterior or posterior domains, indicating that cells intermingled when were labeled within a given domain (n = 3/3, Fig. 3D-D' ).
To study whether labeled cells were contained within gene expression domains, the position of DiI-labeled cells was analyzed in relation to the expression of anterior or posterior genes. Embryos with initial injections at the presumptive boundary (initial positions 4-6) were rejected. Fgf10 was used as an anterior marker and Hairy1 as a posterior one. From the injections analyzed with the Fgf10 probe, we observed that almost all anterior DiI-labeled cells stopped at the posterior edge of the Fgf10 expression limit (n = 8/10, data not shown). Posterior labeled cells analyzed with Hairy1 also indicated that DiI cells were contained in the Hairy1 expression domain (n = 6/8) ( Fig. 3F-F' ). We also analyzed the expansion of posterior DiI-labeled cells in relation to HNK1 epitope, which is restricted in the non-neural domain overlapping with Hairy1 expression (Fig. 3E -E' and G). HNK1 is a sugar residue carried by many neural recognition molecules, including N-CAM, L1 and integrins, and others. Again we observed that most cells respected the HNK1 limits (n = 8/9). In summary, the data indicates that the expansion of cells was limited to the gene expression domains.
Analysis was restricted to the lateral aspect of the otic vesicle where the limits of the AP domains were easily recognized. In the medial wall, however, the anterior-posterior boundary transforms into a dorso-ventral boundary (see Alsina et al., 2004 and Fig. 1 for the position of the proneural domain throughout the formation of the otic vesicle).
Ligands and targets of Notch signaling pathway are differentially expressed in the otic placode/cup
During inner ear development, Notch signaling has been implicated in neuron and hair cell development, as well as in the specification of the sensory territory. The experiments that follow were designed to map the expression of Notch signaling elements at the early stages of otic cup regionalization. We found that, at early stages, several members of the pathway were regionally expressed overlapping the proneural or non-neural domains. LFng, a Notch modulator, was expressed in all cells of the anterior territory, its expression starting in the anterior-lateral domain (HH11, Fig. 4A ). By stage HH14, its expression expanded medially (Fig. 4B) . Delta1 was detected in scattered cells in the antero-lateral edge (HH11) and by stage HH14 Delta1 expressing cells extended throughout the entire proneural domain (compare Fig. 4C and D) . Note that the otic ridge was devoid of Delta1 except for the anterior-lateral stripe, where the otic and geniculate placodes were continuous (arrow in Fig. 4C ). Hes5-2 belongs to the Hairy and Enhancer of Split family of genes (HES) and is expressed upon Notch activation (Fior and Henrique, 2005) . In the otic cup, Hes5-2 (here referred to as Hes5) was expressed in groups of cells within the proneural domain (Fig. 4E , high magnification in Fig. 7I ).
In chick, only two Notch receptors are coded in the genome, Notch1 and Notch2. Notch1 was expressed in the entire otic placode and cup in a homogenous manner, as seen in a dorsal view in Fig. 4G and H. As observed in transverse section, expression of Notch1 was concentrated in the apical-luminal side of the epithelium (Fig. 4N) . Conversely, Notch2 mRNA was expressed at low levels in the ectoderm surrounding the otic cup, but not in the otic epithelium (Fig. 4O) . Some Notch signaling elements were expressed in the non-neural domain. The Notch ligand Serrate1 was expressed complementary to Delta1 at early otic placode/cup stages. At HH11, Serrate1 was detected in all cells of the non-neural region (Fig. 4I) and also in few cells of the geniculate placode (Fig. 4I, arrow) . As development proceeded, expression of Serrate1 was enhanced in the non-neural domain but, in addition, new expression started in scattered cells within the proneural otic region (Fig. 4J,  arrow) . Serrate1 expression in the anterior domain was delayed with respect to Delta1 and to non-neural Serrate1 expression. Another member of the HES family of proteins, Hairy1, was present in the posterior domain at very low levels in HH11 otic placode. Hairy1 was uniformly expressed in the non-neural territory from very early stages and was complementary to Hes5 (Fig. 4K-L) . From lateral views, it was evident that Hairy1 expression spanned throughout the posterior territory and the major lateral epithelium (Fig. 4M) . Interestingly, high levels of Hairy1 expression were found at the interface between proneural and non-neural territories at late otic cup stage (arrows in Fig. 4M ). Analysis at high magnification of the anterior Hairy1 expression limit showed that the border of Hairy1 was not perfectly straight, suggesting again the intercalation of cells between anterior and posterior domains (white line in Fig. 4M ). In summary, these experiments show that several members of the Notch signaling pathway are regionalized in the otic cup and map to the proneural and non-neural regions.
Notch blockade induces the expansion of Lmx1 and Irx1 expression into the proneural domain
To explore the function of Notch pathway in early otic development, activity of the Notch pathway was blocked in chick embryo explants exposed to the c-secretase inhibitor (N-[N-(3,5-diuorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester, DAPT inhibitor) (Dovey et al., 2001; Geling et al., 2002) . The activity of the c-secretase is specifically required for cleavage of the intracellular domain of Notch (NICD) that leads to gene activation. Experiments were performed in embryos at HH9-10 (6-10 somites), before the establishment of anterior-posterior regionalization. Notch inhibition had two different effects on the otic placode: on the one hand induced the expansion of non-neural genes into the proneural domain and, on the other, resulted in the overproduction of neuronal precursors.
The effects of Notch inhibition on posterior genes are illustrated in Fig. 5 . The expression of the Notch target gene, Hairy1, was inhibited after DAPT treatment indicating that DAPT inhibitor was effectively inhibiting Notch signaling (n = 8/8, Fig. 5A-A' ). The effects on Serrate1 expression were more complex. Surprisingly, the posterior expression of Serrate1 was unaffected by DAPT, whereas the anterior expression of Serrate1 was reduced or abolished (n = 10/10, Fig. 5B-B', arrow) . This suggests multiple roles for Serrate1, some of them not totally dependent on Notch activity.
However, the most striking observation from these experiments was that Lmx1 and Irx1 expanded into the anterior domain after DAPT incubation. After DAPT treatment, Lmx1 expression was detected throughout the anterior proneural domain and in the anterior-lateral ridge from where it is normally excluded (n = 12/15, compare control and DAPT in Fig. 5C-C' ). Sagittal sections in Fig. 5E '-F' show that the expression of Lmx1 gene invaded the proneural domain of the otic cup overlapping with the expression of NeuroD, a gene expressed in the proneural domain. DAPT treatment also induced the anterior expansion of the other major posterior gene Irx1, although it was not homogeneous and it always exhibited a higher expression in the posterior domain (n = 25/33, Fig. 5D-D' ).
It has been described that disruption of hindbrain patterning leads to defects in otic regionalization (Kwak et al., 2002; Lecaudey et al., 2007) and also that Notch is involved in hindbrain segmentation (Cheng et al., 2004) . Therefore it was possible that the effects of DAPT were secondary to the disruption of neural tube AP regionalization. To test this possibility we examined the expression of MafB, a transcription factor expressed in rhombomeres 5 and 6 (Eichmann et al., 1997) . After DAPT treatment, the expression of MafB was unaffected, suggesting that DAPT did not disrupt hindbrain patterning (n = 6/6, Fig. 5G -G', MafB and NeuroD transcripts detected both in blue).
Occasionally, DAPT-treated otic cups showed a smaller size and hampered invagination, suggesting that a reduction in cell proliferation may have occurred in those experiments. Since in some tissues Notch signaling maintains the self-renewal potential or induces cell differentiation, we tested the effects of Notch blockade on cell proliferation by assaying for BrdU incorporation. Explants (HH9-10) were incubated with BrdU for the last 2 h of the culture period and assayed for BrdU incorporation by immunofluorescence. Although the difference was not statistically significant, BrdU uptake after DAPT treatment tended to be below control values (control:DAPT, 12.8:10.2 (cell/ua), n = 12: n = 18, p 6 0.08). This suggests that the effects of DAPT on patterning were not related to changes in cell proliferation.
In summary, these experiments show that Notch activity is required for restricting the expression of Lmx1 and Irx1 to the non-neural domain, and that the non-neural expression of Serrate1 is Notch-independent.
Effects of Notch on Lmx1 and Irx1 are not due to increased cell mixing
The expansion of Lmx1 and Irx1 to the anterior domain could be caused by the migration of cells with posterior identity towards the anterior compartment, and/or by the altered regulation of the expression of those genes. To further study this problem, explants were labeled with DiI in the posterior domain and then incubated with DAPT. Initial injections were performed at HH10. Fig. 6 shows an example of posterior injections after incubation in control conditions (Fig. 6A ) or with DAPT (Fig. 6A') . None of the injections showed DiI-labeled cells invading the anterior domain after incubation for 24 h with DAPT (n = 4/ 4 control, n = 6/6 DAPT). In these experiments, in situ hybridization against Irx1 transcripts confirmed that DAPT treatment was effective in expanding Irx1 towards the anterior domain (Fig. 6B-B') .
If the effects of Notch blockade were related to cell migration, we would also expect that the HNK1 epitope present in posterior cells would also loose its posterior restriction after DAPT treatment. Fig. 6C -C' shows that this was not the case and, after DAPT treatment, HNK1-labeled cells were still present in the posterior domain and did not invade the anterior domain (n = 24/24), suggesting that those cells carrying the HNK1 epitope remained restricted to their normal territory. DAPT activity in this experiment was assessed by Hes5 expression (Fig. 6D-D' ). Altogether, these data reinforce the notion that most probably the anterior expansion of Lmx1 and Irx1 was not due to migration of Lmx1 and Irx1-positive cells from posterior to anterior, but to up-regulation of their expression in the anterior domain.
Blockade of Notch with dominant-negative MAML1 upregulated Lmx1
In order to analyze the cell-autonomous effects of Notch signaling in cell fate and cell affinity during otic development, we took advantage of the electroporation technique to locally block the Notch pathway. A GFP-tagged dominant-negative form of the human Mastermind-like1 (DN-MAML1) was electroporated into the otic placode at stage HH9-10. This approach also allowed us to exclude possible effects of DAPT inhibitor on surrounding tissues. MAML1 binds to the ankyrin repeat domain of Notch receptors, forming a DNA-binding complex with NICD and CSL transcription factor to activate Notch target genes . The truncated form of MAML1 (only aminoacids 1-302) binds to the CSL:NICD complex creating a complex that is incapable of Notch signaling (Weng et al., 2003) . The effects of DN-MAML1 on Lmx1 were analyzed by examining the extension of Lmx1 expression domain ( Fig. 6E-E') . Consistent with our previous observations using DAPT inhibitor (described above), Lmx1 was expanded into the proneural domain after Notch blockade (n = 5/6, Fig. 6E-E') . We examined whether the electroporated cells ectopically expressed Lmx1 in the proneural domain. We found that most of the cells positive to DN-MAML1 did also express Lmx1, indicating that the inhibition of the Notch pathway upregulates Lmx1 in a cell-autonomous manner (88/140 cells (63%) from five different embryos). The effectiveness of DN-MAML1 construct in chick was analyzed on Hairy1 expression, observing Hairy1 down-regulation in the non-neural domain (104/124 cells (84%) from seven different embryos). In the hindbrain, it has been reported that electroporated cells in which Notch signaling was specifically blocked with a dominant-negative Su(H) (or CSL) preferentially distributed in non-boundary regions (Cheng et al., 2004) . In our experiments, we could not detect a preferential location of DN-MAML1 electroporated cells. In summary, these experiments indicated that Notch signaling can regulate the transcription of Lmx1 in a cell-autonomous manner, independently of surrounding tissues.
Blockade of Notch signaling increases the number of neuronal precursors without affecting the specification of the proneural domain
In the proneural domain, Notch signaling inhibition by DAPT resulted in the abolition of the expression of Hes5, a direct target of Notch signaling activation (Fig. 7A-A' ; n = 12/12), In parallel, the density of Delta1 and NeuroDpositive cells highly increased in the proneural domain (n = 11/14 for Delta1, and n = 15/24 for NeuroD) (Fig. 7B -B'and 7C-C'). The increase in the number of Delta1-positive cells was 3.9-fold (control 5.6 ± 3.7; DAPT 21.6 ± 5.7 (cells/au); p 6 0.001, compare magnifications Fig. 7F-F' ) and 3.3-fold for NeuroD-positive cells (control 8.4 ± 5.7, DAPT 27.9 ± 8.1 (cell/au); p 6 0.001; Fig. 7G -G'). The observed effects on neurogenesis fit with the expected role of Notch in regulating the number of neuronal precursors by lateral inhibition. Close attention to the early expression of Delta1 in the otic placode showed that Delta1 expression initiated in single spaced cells (Fig. 7H) , while Hes5 was expressed in the same territory but in groups of cells (Fig. 7I) . Double fluorescent in situ hybridization revealed that Delta1 and Hes5 transcripts were indeed expressed in adjacent cells within the proneural epithelium ( Fig. 7J and K) . In summary, these experiments indicate that as suggested in previous work (Haddon et al., 1998) , Notch is required in the proneural domain for inhibiting neuronal fate through a classical mechanism of lateral inhibition.
Note that despite the increase in the number of neuronal precursors after DAPT, they were always restricted to the proneural domain of the otic placode. The establishment of the proneural compartment was not affected, and this was also revealed by assessing Fgf10 (n = 14/14) and Sox3 (n = 11/12) expression (Fig. 7D-D' and Fig. 7E-E' , respectively). The levels of Fgf10 expression after DAPT treatment were consistently lower than in control conditions (n = 12/14, Fig. 7D-D' ), suggesting that there is some link between Notch signaling and FGF function.
Discussion
We have studied the early events of otic regionalization and the role of Notch signaling in this process. The results show that: (1) the otic cup is regionalized into a proneural and a non-neural territory at early stage of otic development; (2) there is a restriction to cell mixing between these two domains; (3) Notch signaling elements are differentially expressed in these two domains; and (4) Notch signaling is required for excluding non-neural genes Lmx1 and Irx1 from the proneural domain, as well as for neuron selection in the proneural compartment. We propose an early role for Notch signaling in the early regionalization of otic placode.
Restricted cell intermingling between otic proneural and non-neural domains
The two functional domains of the otic cup, proneural and non-neural, differ in their developmental potential and underlying mechanisms must ensure that both domains keep their differential identities throughout development. Restricted cell mixing between different populations of cells has been found to be instrumental in maintaining adjacent territories with different identities during development and for the control of cell proliferation. For example, during neural tube formation, the caudal stem zone region behaves as a coherent cellular domain that maintains an undifferentiated cell state that involves continued cell cycling, providing a continuous pool of cells to the newly forming neural tube (Mathis et al., 2001) . During the segmentation of the hindbrain and the formation of the zona limitans intrathalamica, restricted regional gene expression is accompanied by cell lineage restriction (for reviews see Lumsden and Krumlauf, 1996; Pasini and Wilkinson, 2002; Lumsden, 2004; Kiecker and Lumsden, 2005) . In inner ear development, compartmentalization is believed to be important for allocating sensory organs and the endolymphatic duct (Brigande et al., 2000a (Brigande et al., , 2000b Fekete and Wu, 2002) . The complementary expression patterns of the chick otic proneural and non-neural regions led us to study the degree of cell mixing between these two cell populations. The results show that cells in the otic epithelium exhibit a coherent and ordered pattern of expansion with no invasion of posterior labeled cells to the proneural territory or vice versa. Moreover, cells labeled with vital dyes remained contained within gene expression boundaries. Our studies also suggest that Notch activity probably is not regulating the cohesion of the domains since posterior cells did not invade the proneural domain after Notch blockade. In nascent neural tube, the cohesiveness of the stem zone seems to require FGFs (Mathis et al., 2001 ), but it is not mediated by Notch (Akai et al., 2005) . Fgf10 is regionally expressed in the proneural domain of the chick otic placode and vesicle and it has been shown to be required for neuron production (Alsina et al., 2004) . Although suggestive, we know nothing about its role in maintaining cohesion of the proneural domain. Similarly, little is known on the differential expression of adhesion molecules that could restrict cell mixing at these early stages of placode development. Most information relies on late otic vesicle or otocyst stages, where they have been studied in relation to sensory development and hair-cell (reviewed in Kelley, 2003) . We know that at early stages of otic vesicle (HH17-19), BEN and HNK1 show complementary expression patterns that are restricted to the two functional domains (see Supplementary Fig.1) . Therefore, the asymmetric expression of similar cell-adhesion molecules may underlie differential cell affinity and the observed restricted cell movement. Other cell adhesion molecules may also be responsible for the restriction of cell mixing. For example, differential expression of a3 and a6 integrins in the developing mouse inner ear has been described (Davies and Holley, 2002) .
Notch signaling pathway is activated differentially in the proneural and non-neural domain
The Notch signaling pathway has a wide array of functions that depend on its ligands, co-factors and modulators (Panin and Irvine, 1998; Kadesch, 2004; Schweisguth, 2004) . Advances in understanding the regulation of Notch signaling have led to the discovery of new functions of Notch. Our studies show that different members of the Notch signaling pathway are differentially expressed in the proneural and non-neural domains of the otic placode and that patterning genes characteristically expressed in the posterior domain require the integrity of the Notch signal to remain confined to this region.
Delta1 and Serrate1, two Notch ligands, as well as two members of the HES family of proteins, Hes5 and Hairy1, were expressed in a complementary pattern at otic placode/ cup stages, suggesting that Notch can be differentially activated in both territories. The expression of Serrate1 was very dynamic. The early expression of Serrate1 in the non-neural territory was not dependent on Notch activity, suggesting that this expression is probably related to patterning. In the retina and in the spinal cord there is also a clear complementarity between the expression of Jagged1 in the non-neural ciliary margins of the retina and floorplate and of Delta1 in the neurogenic domains (Lindsell et al., 1996; Bao and Cepko, 1997; Le Roux et al., 2003) . In the otic cup, Serrate1 expression progressively appears in the proneural region. (Daudet and Lewis, 2005) showed that Serrate1 is involved in the specification of the sensory patches. At otocyst stage, presumptive sensory organs, as identified by Bmp4 expression, arise within the broad LFng and Serrate1-positive domain Satoh and Fekete, 2005) . The early expression of Serrate1 in the proneural domain reported here could foreshadow the early specification of a sensory territory. A more detailed fate map study is required to test that this Serrate1 expression is contributing to the sensory patches. In Drosophila, cellautonomous modification of Notch by Fringe protein favors the interaction with Delta1 over Serrate1 ligand. During otic proneurosensory development, when neurogenesis is taking place in the proneural domain, LFng could balance the Notch-Delta signaling, leading to activation of Hes5. Later in development, it is possible that the NotchSerrate1 signaling in the anterior region could favor sensory fate. Blockade of Notch increased the number of Delta1-positive cells in the anterior domain while suppressing the incipient expression of Serrate1 in the proneural domain. This suggests that the increase of Delta1 cells in the proneural region could be at the expense of Hes5 and Serrate1 cells.
Hairy and Enhancer of Split homologs (Hes/Her) act as patterning genes in the zebrafish midbrain-hindbrain boundary, mouse olfactory placode and the inter-proneural stripes of the Xenopus and zebrafish neuroectoderm by repressing neural fate (Cau et al., 2000; Geling et al., 2003; Bae et al., 2005) . In those model systems, Hairy1 activity is Notch independent. However, in the otic placode, Hairy1 expression was suppressed after Notch blockade, indicating that it is dependent on Notch signaling. Moreover, suppression of Hairy1 expression did not expand neurogenesis to the posterior region suggesting that repression of neurogenesis may require additional signals in the ear. In the mouse, Hes1 (Hairy1) and Hes3 regulate maintenance of the isthmic organizer (Hirata et al., 2001) and, in recent work, it has been proposed that high levels of Hes1 expression are required for boundary formation in the developing central nervous system (Davies and Holley, 2002; Baek et al., 2006) . In the otic vesicle high levels of Hairy1 are consistently found along the lateral wall of the AP boundary.
Notch signaling is required for the down-regulation of Lmx1 and Irx1 in the proneural territory
One major finding in this paper was the ectopic expression of Lmx1 and Irx1 in the proneural domain after Notch blockade. DiI experiments and HNK1 expression analysis, combined with Notch blockade, indicate that Notch regulates the regionalized expression of both genes and not the sorting of neural and non-neural cells. Before otic placode formation, Lmx1 and Irx1 are expressed in a broad otic field region to progressively get restricted to the posterior domain (data not shown). Lmx1 gene belongs to the subfamily of LIM homeodomain (LIM-HD) proteins, which are key transcription factors in regulating developmental processes. In limb development, Lmx1 is fundamental for establishing dorsal identity, and in the isthmus and roof plate Lmx1 has been shown to promote organizer activities by regulating the expression of secreted signaling molecules (Vogel et al., 1995; Adams et al., 2000) . The expression of Lmx1 in the ear has been reported, as well as its regulation by dorsal hindbrain signals (Giraldez, 1998) . However, the exact role of Lmx1 in the ear is still unknown. Here, we show that Lmx1 is regionally expressed in the non-neural domain and that Notch activity is required for excluding its expression from the proneural territory. During the development of the Drosophila wing disc, apterous a member of the LIM-HD transcription factors regulates the expression of Notch ligand Serrate1 in the dorsal compartment. However, in the inner ear expansion of Lmx1 expression into the proneural domain is not accompanied by Serrate1 expansion.
Irx1 also belongs to a family of transcription factors implicated in several functions during development, including organizer formation, neural plate specification and patterning, sensory placode formation, and heart chamber specification (for review see Cavodeassi et al., 2001; Gomez-Skarmeta and Modolell, 2002) . In the eye disc, IRO-C complex represses the expression of Fringe and juxtaposition of IRO-C expressing and non-expressing cells generates a straight border that promotes growth and serves as a pattern-organizing border in the eye disc (Cavodeassi et al., 1999) . In spite of these studies in Drosophila, a relationship between Notch signaling and Lmx1 and Irx1 function during vertebrate patterning is still unknown. Thus, it is difficult to describe the molecular mechanism by which Notch, Lmx1 and Irx1 could be interacting in the otic placode. A Notch target expressed in the proneural domain could be a repressor involved in the down-regulation of Lmx1 and Irx1 expression. This function is probably not related to the classical function of Notch in lateral inhibition during neurogenesis. Nevertheless, other signals must be regulating early otic patterning because the establishment and the size of the proneural domain were not dependent on Notch activity.
In conclusion, this paper provides one of the first comprehensive descriptions of the early events of otic regionalization. Early patterning into a proneural and a non-neural domain is associated with limited cell mixing between the two regions, the restricted expression of patterning genes and, a requirement for the activity of Notch to down-regulate Lmx1 and Irx1 expression in the proneural domain. This suggests a dual role for the Notch pathway in early otic development: first, as part of a mechanism that regulates regional patterning of a proneural and a non-neural domain and, second, as part of the mechanism of neuronal precursor selection.
Experimental procedures
Embryos and staging
Fertilized hen's eggs (Granja Gibert, Tarragona, Spain) were incubated in a humidified atmosphere at 38°C for designated times. Embryos were staged according to the (Hamburger and Hamilton, 1992) . Embryos were dissected from the yolk and fixed by immersion in 4% paraformaldehyde in phosphate buffered saline (PBS; pH7.4) at 4°C for 24 h.
Organotypic explants and DAPT treatment
Embryos corresponding to stage HH9-10 were sectioned before the second-third somite and transferred into four-well culture plates (NUNC, Roskilde, Denmark). Incubation was carried out in Dulbecco's modified Eagle medium DMEM (Gibco) at 37.5°C in a water-saturated atmosphere containing 5% CO 2 . Additions were 5% fetal bovine serum (Bio Whittaker Europe), antibiotic antimycotic solution 1· (Sigma), L-Glutamine (Bio Whittaker Europe) and DAPT, c-secretase inhibitor, Calbiochem) in DMSO or DMSO alone in control conditions. DAPT inhibitor was used at a concentration of 100 lM. At lower concentrations (20 lM) Notch pathway inhibition had the same effects: increasing the number of NeuroD cells (n = 5/7) and expansion of Lmx1 (n = 12/18). However, at higher concentration, the expressivity of the effects was higher, suggesting that 20 lM was not a saturating concentration. Density of NeuroD and Delta1 expressing cells was measured as follows. Briefly, the number of cells expressing NeuroD and Delta1 in control and DAPT-treated organotypic explants were counted manually from 40· microphotographs (Dl1 control n = 12, Dl1 DAPT n = 9, NeuroD control n = 15, NeuroD DAPT n = 15) and expressed as number of NeuroD or Dl1 expressing cells per arbitrary unit (au) of surface area (200 · 200 pixels). Students t-test was used for statistics.
Proliferation assay by BrdU
Explants treated in control and DAPT inhibitor conditions were incubated with 10 lg/ll 5-Bromo-2 0 -deoxyuridine (Aldrich) for 2 h prior to fixation. For BrdU detection after in situ hybridization, explants were incubated in 2 N HCl for 30 min, washed three times in Sodium Borate pH 8.9 and processed for immunohistochemistry. BrdU-positive cells were counted manually in an area of 200 · 200 pixels (resolution of 150 pixels/ inch). Eighteen squares have been measured in DAPT-treated otic cups and 12 squares for control conditions. Students t-test was used for statistics.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out with DIG-labeled RNA probes and alkaline-phosphatase-coupled anti-DIG antibody, which was then detected with NBT/BCIP according to Nieto et al., 1996 . Probes used: Fgf10 (Ohuchi et al., 1997 ; Delta1, Notch1, Notch2 and Serrate1 (Henrique et al., 1995a) ; NeuroD and Lunatic Fringe (Laufer et al., 1997) ; Lmx1b (Giraldez, 1998b) ; Sox3 (Rex et al., 1997) ; Irx1 (EST ChEST433E21); Hairy1 (Palmeirim et al., 1997) , MafB (Eichmann et al., 1997a) and Hes5-2 (Fior and Henrique, 2005) . Double fluorescent in situ hybridization was carried out on cryostat sections by the Tyramide Signal Amplification method (TSA-Plus system; Perkin-Elmer Life Sciences) as described in (Yamagata et al., 2002) . Delta1 DIG-probe/Hes5-2 Fluo-probe and LFng Fluo-probe/Lmx1 DIG-probe were hybridized at 65°C. For double-labeling, probes were hybridized together and detected sequentially using anti-digoxigenin or anti-fluorescein antibodies conjugated to peroxidase, followed by amplification with Cy3-tyramide and Cy5-tyramide. Peroxidase-conjugated antibody was inactivated with 0.3% H 2 O 2 for 40 min.
Immunochemistry
Immunochemistry procedure in whole-mount and cryostat sections was performed as Alsina et al. (2004) . Antibodies used: mouse monoclonal antibody to HNK1 epitope (Becton Dickinson, 347390; 50:50) , mouse monoclonal antibody to BEN (DSHB, 1:200), rabbit polyclonal antibody to b-tubulin III (TUJ1, Covance, 1:400), monoclonal antibody to BrdU (Roche, 1:200) and rabbit polyclonal antibody to GFP (Molecular Probes, A-11122, 1:500). Secondary antibodies: goat anti-mouse Alexa 488 (Molecular Probes), goat anti-rabbit Alexa 488 (Molecular Probes), goat anti-mouse Alexa 549 (Molecular Probes) were used at a 1:400 dilution.
DiI/DiO labeling
Double injections of CM-DiI and DiO vital dyes (Molecular Probes, 1 lg/ll, in DMF) were performed in ovo in the otic placode at stages HH12 in the anterior (proneural) domain and in the posterior domain respectively. Minute amounts of the lipophilic vital dyes were iontophoretically microinjected. Size and location of injections at time zero were visualized and recorded (1/4-1/5 of the width of the placode area) with fluorescence scope (LEICA, MZ FL III). Embryos with overlapping DiI and DiO-labeled initial injections were discarded, the rest were not harvested until stages HH16-17, when they were dissected and fixed with 4% paraformaldehyde/PBS at 4°C. The growth of the labeled cells was analyzed by conventional fluorescence microscopy (LEICA DMR) and confocal fluorescence microscopy (LEICA DM IRBE).
DiI labeling and in situ hybridization/immunochemistry
Anterior or posterior CM-DiI injections were generated as above and resulting progeny imaged with conventional fluorescence microscopy after 20 h of incubation. Embryos were then processed for in situ hybridization with either Fgf10 mRNA (used as an anterior marker) or Hairy1 mRNA (used as a posterior marker), or immunochemistry using an antibody against HNK1 as a posterior marker. The growth of the resulting progeny in relation to the gene expression domains was analyzed by conventional fluorescence microscopy (LEICA DMR) and confocal fluorescence microscopy (Leica DM IRBE).
In ovo electroporation
The dominant-negative DNMAML1-GFP fusion construct in EGFP-N3 (a kind gift from J. Aster; Weng et al., 2003) was electroporated into the otic territory of 9-10HH embryos. A small hole was made into the vitelline membrane to expose the otic placode. The cathode platinium electrode was placed next to the otic territory and anode electrode underneath the embryo. Vector (3 lg/ll) mixed with fast green (0.4 lg/ll) was electroporated by injection onto the otic placode by gentle air pressure through a fine micropipette. Square pulses (four pulses of 10 V) were generated by an electroporator Square CUY-21 (BEX Co., Ltd, Tokiwasaiensu, Japan). Medium (M-199, Gibco) was added immediately after each electroporation. Eggs were sealed and incubated for 20 h. Embryos were collected and fixed overnight in 4% PFA at 4°C for further analysis.
